INTRODUCTION
Associations between ants and plants have a long evolutionary history, possibly dating back to the Cretaceous, and exemplify a complex continuum from mutualism to antagonism (Rico-Gray and Oliveira, 2007) . They can affect the structure and functioning of terrestrial ecosystems and play a significant role in ecologically different habitats from tropical forests 5 to temperate and alpine environments (Beattie, 1985; Rico-Gray and Oliveira, 2007) . Antplant mutualistic interactions are more common than antagonistic ones, with seed dispersal and plant protection from herbivores being by far the best studied ant-plant mutualisms (Culver and Beattie, 1978; Heil and Mckey, 2003; Ness et al., 2004; Bronstein et al., 2006) .
Interactions between ants and flowers have traditionally been interpreted as antagonistic, but 10 the outcome of that association can shift from negative to positive depending on the species involved and community context (Rico-Gray and Oliveira, 2007) .
Ant visits to flowers have been generally suggested to be detrimental to plant fitness because ants consume floral nectar, may deter other flower visitors, and damage floral parts (Galen, 1983; Junker et al., 2007) . In accordance with this interpretation, a 15 variety of physico-chemical flower characteristics have been proposed as mechanisms for deterring ant visits (Guerrant and Fiedler, 1981; Junker and Blüthgen, 2008; Willmer et al., 2009; Junker et al., 2011a) . The controversial question of whether ants have a beneficial or harmful effect on flowers also has to do with pollination. Ant workers have long been regarded as poor agents of cross-pollination because of their small size, lack of wings, and 20 frequent grooming (but see Peakall and Beattie, 1991; Gómez and Zamora, 1992) . Further, the 'antibiotic hypothesis' provides an additional explanation as to why ants can be considered ineffective pollinators (Beattie et al., 1984; Peakall et al., 1991) : the cuticular surface and metapleural glands of some ants produce compounds with antibiotic properties against bacterial and fungal attack, and these secretions may reduce pollen viability (Beattie et 25 6 interactions, functioning as synomones that promote effective pollination, still remains largely unexplored (but see .
Floral scent is an important component of floral phenotype and represents a decisive communication channel between plants and animals. It facilitates attraction of pollinators (Raguso, 2008) and promotes pollinator specificity by the intensity of the signal, the presence 5 of unique VOCs, and exclusive multicomponent blends of ubiquitous compounds (Ayasse, 2006; Dobson, 2006; Raguso, 2008; Schiestl, 2010; Schiestl and Dötterl, 2012; Farré-Armengol et al., 2013) . The specificity of floral VOCs in attracting specific guilds of pollinators including moths, flies, bees, wasps, beetles, bats, or even rodents has been previously studied (Dobson, 2006; Knudsen et al., 2006; Raguso, 2008; Peakall et al., 2010; 10 Johnson et al., 2011; Maia et al., 2012) , but the chemical composition and function of the floral scent of species pollinated by ants remains virtually unexplored. Since chemical signals are essential sources of information to ants (Hölldobler, 1999; Lenoir et al., 2001; Martin et al., 2008; Heil et al., 2010) , we hypothesize that plants should use floral scent to promote attraction of mutualistic ants when plants benefit from their pollination services.
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By using the ant-pollinated plant Cytinus hypocistis (L.) L. (Cytinaceae) as model system, we explore here the hypothesis that floral scent also mediates mutualisms between ants and ant-pollinated plants. Cytinus-ant pollination provides an excellent system for testing this hypothesis because Cytinus flowers emit a weak sweetish scent (to the human nose) and ants have proved to be their effective pollinators, accounting for 97% of total floral visits and 
MATERIAL AND METHODS

Study species
5
Cytinus hypocistis is a root holoparasite that grows exclusively on Cistaceae host plants (de Vega et al., 2007 (de Vega et al., , 2010 . The inflorescences of this monoecious, self-compatible species are visible only in the blooming period (March-May), when bursting through the host root tissues ( Fig. 1 A, B) . The inflorescence is a simple short spike with 5.6 ± 0.1 (mean ± s.e.)
basal female flowers (range 1-14) and 6.2 ± 0.1 distal male flowers (range 1-17). Female and 10 male flowers produce similar amounts of nectar, with a daily production of ∼1.5 µl of sucrose-rich nectar (de Vega, 2007; de Vega and Herrera, 2012, 2013 (Fig. 1A,B) . For convenience, the material used in this study will be referred to hereafter as CytinusY (yellow-flowered individuals, Fig. 1A ) and CytinusP (pink-flowered individuals, Fig. 1B ). 
Study sites
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Volatile collection
To characterize the floral scent composition of Cytinus, volatiles were collected at the four Cytinus populations using the dynamic headspace methods as described by Dötterl et al. (2005a) . Scent was collected from 4-5 inflorescences at each population. Samples were collected during the day (13 inflorescences from four populations) and night (five 15 inflorescences from two populations) since Cytinus flowers received both diurnal and nocturnal visits from ants (de Vega et al., 2009) . Female and male flowers were further analyzed independently to study differences in floral scent between the genders (4-11 flowers of each sex, 9-18 flowers in total per inflorescence). Flowers were removed from the inflorescence, given that they are sub-sessile, and are arranged in the inflorescence in such a 20 way that floral scent of each gender could not be analysed independently unless flowers were cut (Fig 1A, B) . To identify flower-specific scents we additionally collected volatiles from the inflorescence axis without flowers. Complete inflorescences were sampled in two of the populations to test for compounds induced by cutting. A comparison of complete inflorescence and flower scent samples revealed that floral scent was not influenced by removing the flowers from the inflorescence axis.
From each inflorescence we therefore collected three sample groups, namely male flowers, female flowers and inflorescence axis. Overall we analyzed the scent from 18 inflorescences and 32 floral samples (17 and 15 groups of female and male samples, 5 respectively; three male samples and one female sample were discarded due to technical problems) ( Table 1) . For scent collection, either flowers or the stem were enclosed for 20 min within a polyethylene oven bag (10 cm x 10 cm), after which the emitted and accumulated volatiles were trapped for 2 min in a filter containing a mixture of 1.5 mg Tenax-TA (mesh 60-80; Supelco, Germany) and 1.5 mg Carbotrap B (mesh Supelco, Germany) . A 10 battery-operated membrane pump (G12/01 EB, Rietschle Thomas, Puchheim, Germany) was used to generate a flow rate through the filter of 200 ml min -1 .
To determine the amount of scent released from a paper wick used for bioassays (see was enclosed in an oven bag as described before and scent was subsequently collected for two minutes (two replicates). All samples collected were kept frozen (-20°C) until analysis. known amounts of monoterpenes, aliphatics, and aromatics were injected into the GC-MS system. Mean peak areas of these compounds were used to determine the total amount of scent (for more details see Dötterl et al., 2005a) . By applying this method, the mean values (two replicates) for the amount of scent trapped from the wicks used for bioassays (1:1:1 diluted in paraffin, at overall 0.5 × 10 -3 ; see below) were determined to be 2721 ng per hour of 
Chemical analyses
Coupled Gas Chromatography-Electroantennographic Detection (GC-EAD)
We used GC-EAD to test whether antennae of pollinating ants respond to main compounds of Cytinus floral scent. GC-EAD analyses were performed on a Vega 6000 Series 
Behavioral responses of ants to floral volatiles
To test the response of insects to Cytinus floral scent, a field-based choice experiment was conducted. The behavioral effects elicited by naturally emitted volatiles from could have been scent-experienced. However, we cannot rule out that at least some of the responding ants were Cytinus-naïve and the response to the scents was innate.
We additionally recorded the presence of all ant taxa that were active in the study populations but did not attend Cytinus natural inflorescences or the biotest. Volatile compounds were diluted in paraffin for obtaining concentrations similar to 20 those found in plant scent. Paraffin oil is a mixture of n-alkanes frequently used as a release agent of the semiochemical to examine the attractiveness of the compounds to several insect groups (Dötterl et al., 2006; Valterová et al., 2007; Verheggen et al., 2008; Steenhuisen et al., 2013) including ants (Junker and Blüthgen, 2008; Junker et al., 2011b) . Some particular cuticular hydrocarbons have important communicative functions in ants (Lucas et al., 2005;  in almost every insect species (Blomquist and Bagnères, 2010) . Due the universal occurrence of n-alkanes, this type of hydrocarbon is assumed not to be relevant in ant communication,
and indeed experimental data proved that ants do not respond to n-alkanes (see reviews by Martin and Drijfhout, 2009; van Wilgenburg et al., 2011) . It is therefore unlikely that paraffin 5 influenced the outcome of the behavioural assays.
Observers were situated 1.5 m from focal trial, and ant behavior and number of visits were observed for 1-min periods in 910 censuses. Censuses began at 9 AM and continued up to 4 PM during three days accounting for a total of 910 min of field observations. In the course of the experiment, we additionally recorded the presence of all ant species that were 10 active in the area occupied by the Cytinus population, irrespective of their activity or their attraction to Cytinus plants.
Statistical analyses
Regardless of population, inflorescence and flower sex, the amount of scent trapped was quite variable (overall 0.2-31.4 ng on a per hour and flower basis). We therefore focused our 15 analysis on relative (percentage of the total peak area) rather than absolute amounts of scent components. Semiquantitative similarities in floral scent patterns among samples were calculated with the Bray-Curtis similarity index in the statistical software PRIMER 6.1.11 (Clarke and Gorley, 2006) . To test for scent differences between female and male flowers, we calculated a PERMANOVA (10,000 permutations, in PRIMER 6.1.11) based on the Bray-
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Curtis similarity matrix. PERMANOVA is a technique for testing the simultaneous response of one or more variables to one or more factors in an ANOVA experimental design on the basis of a (dis)similarity (distance) matrix with permutation methods (Anderson et al., 2008) .
The analysis employed a two-way crossed design with sex as the fixed factor and inflorescence as the random factor. This analysis revealed that female and male flowers of a specific inflorescence emitted the same scent (see Results). We therefore calculated the mean relative amount of scent for each inflorescence, computed semiquantitative similarities (BrayCurtis similarity index) in scent patterns among inflorescences, and used these data for all further analyses. permutations; fixed factor: population) was then applied to pooled diurnal and nocturnal data.
All analyses regarding preferences of ants in the field for paired-scent stimuli were conducted using SAS 9.2 (SAS Institute Inc., Cary, NC, USA). Differences in ant choice for natural inflorescence scent or control, and deviations of ant choice from a neutral preference 
RESULTS
Floral scent
Regardless of population and daytime, compounds emitted by Cytinus flowers consisted of aromatics (eight compounds) and irregular terpenes (three compounds) ( Fig. 2 ). The PERMANOVA analysis suggest that semiquantitative variation in scent within populations could be considered comparable to variation among populations (Pseudo-F 3,17 = 1.56, P = 0.14). One would be tempted to suggest that these results point to scent homogeneity across Cytinus races and populations.
However, because of the small sample size, these inferences should be interpreted with 
Electroantennogram (EAG) responses
Results from measurements with ant antennae were very noisy, probably because of strongly chitinized antennae resulting in high electrical resistance (see Material and Methods).
However, three runs resulted in responses to compounds clearly differentiated from the noise 20 and demonstrated that ants can perceive the main compounds occurring in Cytinus floral scent (Fig. 3) . Two antennae from two different individuals of A. senilis responded to (E)-cinnamaldehyde, (E)-cinnamyl alcohol and 4-oxoisophorone (Fig. 3) , and one antenna of P.
pallidula responded to (E)-cinnamyl alcohol. the most visits coming in the afternoon. The number of individuals attracted to Cytinuscontaining pits was always higher than the number attracted to controls (Fig. 4A) . They made overall 86% of visits to pits with hidden inflorescences and 14% to control ones (overall 21 visits to control vs. 133 visits to Cytinus), showing a strong preference for pits containing
Ant responses to floral volatiles
Cytinus olfactory cues (hidden inflorescences; Wald χ 2 = 36.6, df=1, P < 0.0001). In addition,
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Cytinus-containing pits were visited in each census by a significantly higher number of ant individuals than control pits (χ 2 = 47.9, df=1, P < 0.0001). All pairs of experimental pits were visited.
Aphaenogaster senilis (χ 2 = 10.3, df=1, P = 0.001), C. auberti (χ 2 = 24.1, df=1, P < 0.0001), P. pallidula (χ 2 = 21.6, df=1, P < 0.0001), and P. pygmaea (χ 2 = 32.2, df=1, P < 15 0.0001) were significantly more attracted to volatiles emitted by Cytinus inflorescences than to controls (Fig. 4B, Fig. 1S ). Crematogaster scutellaris and T. semilaeve showed no statistically significant preference.
Ant behavior differed drastically depending on the choice. When approaching pits containing inflorescences (N = 131 observations), ants bit the mesh, trying to penetrate it,
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68% of the time; ants walked over the mesh, constantly examining it and continually moving their antennae, 31.2% of the time; and only 0.8% of the time did they show no clear response to scent stimulation. In contrast, when visiting control pits, ants never tried to bite the mesh, and displayed a passive behavior, wandering over the mesh without any obvious purpose.
In the study population other ant species were observed, including Formica subrufa, Messor spp., and Goniomma sp, but none of them foraged on open Cytinus plants or attended experimental trials.
Ant responses to synthetic compounds
Four ant species, A. senilis (Fig. 1D) , C. auberti, P. pygmaea, and T. semilaeve, were 5 observed in the experimental trials, accounting overall for 87 insect visits. The species A.
senilis was observed most often (71.8% of visits) followed by C. auberti (11.8%), P. pygmaea and T. semilaeve (8.2%).
Some of the floral volatiles that elicited electrophysiological responses were behaviourally active to ant species in the field bioassays, and responses to most compounds 10 were significantly greater than those to paraffin oil controls. Ants were rapidly attracted and excited in response to single synthetic compounds and their mixture. Ants moved their antennae quickly and remained for several seconds touching the wick, a response comparable to that observed with natural Cytinus scents. A significant preference was observed for wicks containing the mixture of synthetic compounds (Wald χ 2 = 10.5, df=1, P =0.001), (E)-
15
cinnamyl alcohol (χ 2 = 9.3, df=1, P = 0.002) and (E)-cinnamaldehyde (χ 2 = 16.6, df=1, P < 0.0001) over control wicks with paraffin only (Fig. 5) . Posthoc tests showed no differences of ant preferences between (E)-cinnamaldehyde, (E)-cinnamyl alcohol and the mixture of the compounds (Fig. 5) . The number of ants attending wicks containing the mixture of synthetic compounds (χ 2 = 52.6, df=1, P < 0.0001), (E)-cinnamyl alcohol (χ 2 = 66.0, df=1, P < 0.0001) 20 and (E)-cinnamaldehyde (χ 2 = 79.5, df=1, P < 0.0001) was higher than the number in control wicks (Fig. 2S) . No preference for 4-oxoisophorone was observed (Fig. 5 ). host finding cue of herbivores; Schulz et al., 1988; Metcalf and Lapmann, 1989; Metcalf et al., 1995) . However, neither bees nor butterflies, the prevailing pollinators of many plants coexisting with Cytinus, were detected in the experimental trials or in exposed inflorescences.
DISCUSSION
This absence was confirmed by pollinator observations in more than 50 populations during Nevertheless, since Cytinus pollen has been found in honey samples in the Mediterranean area (Fernández et al., 1992; Yang et al., 2012) , the potential attractive of Cytinus flowers for bees in other populations cannot be discarded.
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Cytinus vs. other ant-pollinated plants
There is a scarcity of experimental evidence on the importance of floral volatiles in ant attraction, and our understanding of ant-flower systems is still in its infancy. To date, only the floral scent of an ant-pollinated orchid has been examined (Chamorchis alpine; , have also been studied.
The major components of the floral scent bouquet of the orchid C. alpine are linalool, α-terpineol, and eucalyptol , all of them common terpenoids found in 5 many flowering plants (Knudsen et al., 2006) and attractive for many pollinators (Dobson, 2006) . Ants responded to a synthetic mixture containing all the compounds found in the scent (which included also β-phellandrene, β-caryophyllene), but it is unclear whether they responded to single compounds. Fragaria virginiana and E. cyparissias emitted floral scents made up of similarly widespread compounds, including also linalool, β-caryophyllene, and α-10 terpineol. However, their scents were dominated by other compounds such as, e.g., α-pinene and (E)-β-ocimene (Ashman et al., 2005; Kaiser, 2006) . Interestingly, none of these plants emitted any of the cinnamic compounds and oxoisophorone that we found so abundant in Cytinus scent. Although the scanty evidence available renders any conclusions premature, there seems to be broad interspecific variation in the floral scent composition of ant-pollinated
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plants. This could in turn reflect differential responses and olfactory preferences by different ant species. Consistent with this interpretation is the observation that compounds described as repellent for some ants, such as linalool (Junker and Blüthgen, 2008) , may elicit attractive responses in others and be important in ant-plant pollination mutualisms . We suspect that in some cases the existence of specific floral volatiles that attract ants 20 will be the evolutionary result of adaptation towards the olfactory preferences of the ant pollinators (see also Schiestl and Dötterl, 2012) . Nevertheless in other cases ants may exploit compounds that were evolved primarily in order to attract other groups of pollinators.
Potential differences of the importance of floral signals and specific volatiles between 'adapted' and 'casual' ant-pollination systems offers a promising field for future research.
Signaling and pollination systems in Cytinaceae
The these three compounds. Symbols indicate significant differences: *** P < 0.0001, n.s.
nonsignificant differences (P > 0.05). 
Balanophora tobiracola
